Abstract Non-random seed shadows are commonly seen in plant species whose seeds are dispersed by animals, in particular by birds. The behaviour of birds can influence the spatial pattern of seed dispersal and, consequently, the entire regeneration process of fleshy-fruited trees. This study examined regeneration patterns in a fleshy-fruited tree species, rowan (Sorbus aucuparia L.), growing in West Carpathian subalpine spruce forests, focussing on two problems: the temporal relationship between rowan regeneration and gap formation, and the spatial relationship between rowan regeneration and stand structure. It was found that rowan seedlings and saplings were recruited in advance of gap formation. Establishment of new rowan individuals in gaps was infrequent, but gaps enhanced their regeneration nearby under spruce canopy, where they occurred densely in a narrow belt about 15 m wide. Inside spruce stands, the highest density of young rowans was directly under crowns, especially near trunk bases. Few rowan saplings were found growing under mature rowan trees. The presence of a rowan seedling and sapling bank determines whether rowans fill spruce stand gaps. Dense rowan groves can develop mainly in extensive but slowly expanding gaps.
Introduction
Thorough knowledge of the processes that determine the irregular spatial distribution of plants is essential to an understanding of the dynamics of plant populations. Central to this is the phenomenon of seed dispersal, which influences the density and spatial distribution of plants on different spatial scales (Venable and Brown 1993; Fuentes 2000) . Dispersal limitations are among the most important factors influencing the spatial patterns of tree regeneration. Since seed deposition is not random, neither is the distribution of young trees in a forest community. The species composition and dynamics of forest phytocoenoses are therefore characterized by spatial variability (Dalling et al. 2002) . Non-random seed shadows are well known in plant species dispersed by animals, in particular by birds (Hoppes 1988; Schupp 1993; Willson 1993; Clark et al. 1998; McEuen and Curran 2004) . Birds defecate the greatest numbers of seeds directly under the places where they forage and perch. These places usually are close to the seed sources. Distribution patterns depend on the birds' post-foraging behaviour (Schupp et al. 1989) . The structure of the vegetation plays a key role in determining deposition patterns. Microhabitats covered by tree canopy or bushes receive significantly more seeds than open ones (Kollmann and Pirl 1995; Jordano and Schupp 2000) . In forest stands, food sources for birds are most often located in canopy gaps. After foraging, however, they move to the edges of nearby tree stands to perch and evade predators (Howe 1979; Hoppes 1987; Levely 1988) . This behaviour determines the spatial pattern of seed dispersal and the whole regeneration process for fleshy-fruited trees (Schupp et al. 1989; Kollmann 2000) . The consequences of non-uniform seed dispersal for the spatial distribution of young individuals are especially evident in trees that are spread across a forest in low numbers.
In Europe, one of the most common trees bearing fleshy fruits is the rowan (Sorbus aucuparia L.). It occurs in various forest types in different climatic and edaphic zones. For example, in the Central European highlands it can be found from the foothills up to subalpine scrubland at 2000 m a.s.l. (Schaminée et al. 1992; Raspé et al. 2000) . Even though the rowan is widely distributed, it is usually only a minor component of the plant communities in which it occurs. Rowan's importance is relatively high in species-poor coniferous forests, but here as well it forms only a small part of the tree stand and its distribution is distinctly patchy (Hofgaard 1993, Holeksa and _ Zywiec 2005) . In the extremely species-poor Carpathian subalpine spruce stands, only two tree species coexist, with Norway spruce (Picea abies) as dominant and rowan forming a small admixture. In subalpine spruce forest, rowan has often been recorded as the first tree species filling newly formed gaps in spruce stands (Ceitel 1994; Loch 1998; Zerbe 2001; Jonášova and Prach 2004) . Young rowans are shade-tolerant, and are often an important component of the understory (Raspé et al. 2000; Zerbe 2001 ). In the boreal forests of Scandinavia, rowan frequently is the most abundant tree species under closed tree stands (Hofgaard 1993; Linder et al. 1997) . Rowan sprouts, unlike those of spruce, are readily eaten by some animals (Kirby and May 1989; Linder et al. 1997; Senn et al. 2002; Motta 2003) . Strong browsing pressure on rowan sprouts is one reason why rowans persist in the understory of spruce stands without reaching large sizes. After gaps form, increased insolation allows rowans to grow faster and in consequence escape browsing.
The aim of this study was to determine patterns in the regeneration of rowans in West Carpathian subalpine spruce forests, focussing on two problems: the temporal relationship between rowan regeneration and gap formation, and the spatial relationship between rowan regeneration and stand structure.
Methods
The (Matuszkiewicz and Matuszkiewicz 1996) . Both the Tatras and the Babia Góra massif are under strict protection in national parks.
Temporal patterns
On the north slope of the Babia Góra massif, three plots were demarcated, each covering 625 m 2 (25 m · 25 m). Plots I and II, situated 10 m apart, represented different stages of the expansion of a large gap. Plot III was located in the adjacent spruce stand, 40 m from plot II.
For each plot, the ages of the rowan trees were recorded. The trees sampled included all 60 trees on Plot I, and 50 individuals on Plots II and III. On Plots II and III we set out a regular grid of 50 points and sampled rowans growing nearest the grid points. The rings of three samples from Plot II were not distinct enough to count, so only 47 samples from that plot were used in the analysis. Spatially isolated aggregations of stems were treated as one individual, and the thickest stem of each individual was examined. Year-old seedlings were not included. On Plots I and II, cross sections were taken 15 cm above the ground from the sampled stems. On Plot III, where the rowans were considerably smaller, two samples were taken from each individual both at ground level and at 15 cm above the ground. We assumed that as rowans growing in the gap (Plots I and II) had become established inside the tree stand, their growth rate in the first years (up to 15 cm height) was the same as for the rowans growing on Plot III; we corrected their age by adding the average age difference (5 years) between the age of rowans growing on Plot III at ground level and at 15 cm. The assumption was accepted on the base of data showing very low radial growth of rowan seedlings before gap formation on plots I and II ( _ Zywiec 2004 ). The density of rowans was recorded for all three plots. Rowans taller than 10 cm were counted over the whole area of each plot. Individuals <10 cm tall were counted on 25 subplots (1 m 2 each) evenly distributed within each plot.
For Plots I and II, dendrochronological methods were used to determine the time frame in which the spruce trees had died off. A chainsaw was used to collect samples from all six fresh logs on Plot I, and from all five fresh logs on Plot II. Time of death was determined by cross-dating, which is the most reliable method (Dynesius and Johnsson 1991; Yamaguchi 1991) . For cross-dating were used pointer years published by Zielonka and Niclason (2001) for spruces growing in the subalpine spruce forest on the northern slope of Babia Góra.
Spatial patterns
To compare the density of young rowans under spruce canopy and in gaps, nine extensive gaps larger than 0.5 ha were chosen: five in the Tatra Mts and the other four on the Babia Góra massif. There were fruiting rowan trees inside the gaps. In each gap, 2-5 transects (40 m · 10 m) were staked out. The first transect was determined randomly, and each subsequent one was demarcated 100 m from the previous one, going clockwise along the gap edge. Each transect lay perpendicular to the gap edge, with half of it extending into the gap and the other half into the adjacent spruce stand. The transects were divided into eight segments 5 m long. All rowan seedlings, saplings and trees in each segment were counted. In all, 28 transects were staked out: 14 in the Tatra Mts and 14 on the north slope of the Babia Góra massif.
To determine how the density of rowans under closed spruce canopy changes with respect to distance from the gap edge, six long transects (50 m · 10 m) were staked out in spruce stands in the Tatra Mts, under closed canopy where there are no conditions for fruiting rowan trees to grow. Each transect started at the edge of the stand and extended perpendicularly into the stand, and was divided into ten segments 5 m long. All rowan seedlings and saplings were counted in each segment.
The relationship between the distribution of rowan regeneration and the spatial structure of spruce stands was determined on a rectangular plot (50 m · 40 m) located on the northern slope of the Babia Góra massif close to the upper forest limit. Numerous fruiting rowans grew near this spruce stand. All rowan seedlings and all saplings less than 2 m high were mapped (1:100 scale). The heights and diameters of all rowan and spruce trees more than 2 m in height were recorded. The locations of trunks and the vertical projections of crowns were marked on the map.
Results

Temporal patterns
On Plot I, time of death was determined for six spruce trees: one of them formed the last ring in 1970, two in 1975, one in 1976, and one in 1977 . On Plot II, time of death was determined for five spruce trees. One formed the last ring in 1977, two in 1978, and two in 1979.
The density per hectare of rowans more than 10 cm in height was 1100 on Plot I, 4200 on Plot II and 8800 on Plot III. The rowans <10 cm in height were predominantly year-old seedlings. The density per hectare of rowans less than 10 cm high was 5600 on Plot I, 5200 on Plot II and 2400 on Plot III.
On Plot I, the age of the rowan trees ranged from 7 to 45 years, averaging 29 years. Most of them (90%) started growth before 1978, when the last spruce died. At that time the average age of the rowan trees was 11 years, the oldest ones being 21 years old (Fig. 1a) . On Plot II, the age of the rowans ranged from 20 to 36 years, averaging 28 years. All rowans but one had started growth before 1980, when the last spruce died. At that time their average age was 8 years, the oldest ones being 14 years old (Fig. 1b) . There was no significant difference in the age structures of the rowans between these two plots (Kolmogorov-Smirnov test; P > 0.01).
Plant Ecol (2008) 194:283-291 285 On Plot III, the age of the rowans ranged from 7 to 24 years, averaging 14 years, half the average age of the rowans growing on Plots I and II. Most rowans (74%) growing under spruce canopy were between 11 and 18 years old (Fig. 1c) .
Spatial patterns
The density of the rowans growing in the gaps was on average half the density of those growing inside the adjacent spruce stands. This difference was statistically significant both for the whole sample of 28 transects (Wilcoxon test; P = 0.0001) and for the Tatra Mts (Wilcoxon test; P = 0.01) and Babia Góra samples (Wilcoxon test; P = 0.004) taken separately. The density of rowans ranged from 50 to 6750 per ha in gaps, and from 450 to 9500 per ha under spruce canopy (Fig. 2) . There was a strong positive correlation between the density of rowans under spruce canopy and in gaps at the same site (Spearman correlation; R = 0.76; P < 0.001). There were no differences in density between the 5-m transect segments within the gaps, nor between the 5-m transect segments under spruce canopy. The differences in density were significant for all pairwise comparisons between segments in gaps and under spruce canopy (Fig. 2) .
Under spruce canopy, the density of rowans decreased significantly from the gap edge to 50 m inside the spruce stands. Their density remained high up to 15 m into the stands. Farther than 20 m along the transects their density was less than half what it was near the gap edge. The differences between the three transect segments 0-15 m from the gap edge and the six transect segments 20-50 m to the gap edge were statistically significant (Fig. 3) . On the plot near the upper forest limit, 90 spruces and 9 rowans were mapped on the 2000 m 2 area. Spruce crowns covered 60% of the total area, while rowan crowns covered only 5%. As much as 35% of the total area lay outside the vertical projections of tree crowns. Of the rowan seedlings and saplings recorded, 1188 grew under spruce crowns, 12 grew under the crowns of mature rowan trees and 264 grew outside the vertical projections of tree crowns. The average number of rowan seedlings and saplings under a single spruce crown was 13, with a maximum of 108. The number of rowan seedlings and saplings growing under mature rowan crowns was very low. Seedlings and saplings were found under only four of the nine mature rowan crowns; between one and five grew under a single tree.
The distribution of rowan seedlings and saplings significantly differed from random (v 2 -test; df = 2; P < 0.001). The distribution of rowans was highly correlated with the distribution of spruces. The density of young rowans under spruce crowns was 0.99 per 1 m 2 , 8.7 times higher than under the crowns of mature rowan trees and 2.7 times higher than outside the vertical projections of tree crowns.
The number of rowan seedlings and saplings growing under a single spruce crown was significantly and positively correlated with the tree's diameter, height, and the area covered by its crown (Spearman rank correlations; see Table 1 ). On the other hand, the density of rowan seedlings and saplings growing under a single spruce crown was not significantly correlated with the size of the spruce. However, the density of rowan seedlings and saplings growing within a radius of 1.5 m from the spruce trunk was significantly correlated with the diameter of the spruce tree (Spearman rank correlations; see Table 1 ; Fig. 4 ).
Discussion
Temporal patterns
Almost all of the rowans present in the studied gaps began their growth under spruce canopy before the gaps opened. Thus it seems that rowans rarely colonize gaps. The temporal pattern of rowan regeneration most likely depends on seed dispersal by birds. Like other animals, birds tend to avoid gaps because they offer little protection from predators (Howe 1979; Schupp et al. 1989) . They also tend not to deposit seeds in gaps that offer few broken, uprooted or standing dead trees they can perch on (Guevara et al. 1986; Holl 1998) .
The rowans growing in the studied gaps were recruited from the seedling and sapling bank established under living spruces. Most of them persisted for at least 10 years under the canopy, as could be inferred from the age structure of the young rowan generation. The age of individuals was judged from the age of their thickest shoots; they may have been even older, however, their ages concealed by continuous turnover of shoots in the understory ( _ Zywiec, Holeksa, unpubl.; Hofgaard 1993) . It should be stressed that rowans are able to persist in the understory of spruce stands not only because they are shade-tolerant, but also because young individu- When it dies it is replaced by a younger shoot formed by the same individual, which persists even though single shoots may die off. Since rowans remain in the understory for such a long time, there is likely to be an abundant seedling bank already present when a spruce stand declines. Our results showed almost no rowan regeneration within gaps after their formation; establishment of new individuals was most intense under spruce canopy adjacent to the gap. Tree regeneration in the understory of living stands is a frequent phenomenon in many forest types. Seedling and sapling banks are elements of the regeneration strategy of shade-tolerant tree species. The strategy relies on individuals that do not attain large size and that can persist for many years in the shade of the stand until it finally dies off (Brokaw and Scheiner 1989; Abe et al. 1995; Marks and Gardescu 1998; Van der Meer et al. 1998) . After gaps form, they can grow rapidly and fill it (Canham 1988; Marks and Gardescu 1998) . Tree species that form seedling and sapling banks have a competitive advantage over others that do not germinate in the understory (Canham and Marks 1985; Denslow 1987; Brokaw 1987; Uhl et al. 1988; Canham 1989; Peterson and Pickett 1995) . This regeneration strategy also reduces the influence of year-to-year variability of seed production. This is important in subalpine spruce forest, where seed production varies widely from year to year and is usually very low ( _ Zywiec 2004) .
Spatial patterns
In subalpine spruce forest, most young rowans grow under spruce canopy around canopy gaps. Both in the Tatra Mts and on the Babia Góra massif the density of young rowans was much lower in gaps than in adjacent spruce stands. This spatial pattern, like the temporal pattern discussed earlier, is probably a consequence of the behaviour of birds, which disperse seeds. After consuming fruits, birds usually leave a gap and fly to a neighbouring tree stand to perch and hide from predators (Hoppes 1987) . They usually digest fruits very quickly and defecate seeds on the ground beneath the spruce trees; this accounts for the high number of young rowans recorded in this zone. The area of high density of rowan regeneration forms a relatively narrow belt around the canopy gap. The density of rowan seedlings and saplings decreases rapidly with increasing distance from the gap edge. This is again probably related to the behaviour of the birds that disperse the rowan seeds.
Although they avoid open gaps and require shelter in the tree stand after feeding, they prefer to perch at stand edges, remaining close to their food source (Levely 1988; Schupp et al. 1989; Izhaki et al. 1991; Herrera et al. 1994; Jordano and Schupp 2000) .
The spatial pattern of young rowans in a closed spruce stand depends on the distribution and size of the trees. Most rowan seedlings and saplings were found growing directly beneath spruce crowns. The density of young rowans was greatest near the spruce Number of rowans under spruce crown R = 0.67, P < 0.001 R = 0.47, P < 0.001 R = 0.65, P < 0.001 Density of rowans under spruce crown n.s. n.s. n.s.
Density of rowans within a radius of 1.5 m around tree base n.s. n.s. R = 0.39, P = 0.003 Fig. 4 Relationship between spruce trunk diameter and density of rowans growing under the central part of spruce crowns trunk bases, probably because the birds prefer to perch on branches close to the trunk, not on the thin twigs at the crown edge. The highest density values were recorded near the bases of thicker spruces, which suggests that the birds prefer to perch on large spruces. The density of young rowans was far lower under mature rowan trees than under spruce trees, even those only a few meters away. There are at least four possible explanations for the low level of rowan regeneration under the crowns of mature rowans. It cannot be due to an insufficiency of seed deposition, as there were many fruits under all fruiting trees in the subalpine forest (personal observation). One possible reason is the development of dense cover of field layer vegetation in the gaps. After the spruce trees die off, the exposed ground is quickly colonized by several species, which soon expand to fill the gap. Most important among them are Athyrium distentifolium, Calamagrostis villosa and Rubus idaeus (Holeksa 1998 (Holeksa , 2003 . Athyrium distentifolium in particular hinders the development of both rowan and spruce seedlings in subalpine spruce forests (Reif and Przybilla 1995; Holeksa 1998; Holeksa and _ Zywiec 2005) . Another possible reason is high mortality of seedlings growing under maternal trees, caused by soil pathogens. For Prunus serotina, a member of the same family as rowan, it has been shown that pathogens can spread easily in areas where fruits are dense on the ground. The concentration of treespecific pathogens is highest near their hosts, making conditions unfavourable for local conspecific recruitment Clay 2000, 2003) .
A third possible explanation for the low level of rowan regeneration under the crowns of conspecifics is that passage through the bird gut increases the germination rate and seedling growth in the rowan (Paulsen and Högstedt 2002) . In an experimental study it was found that seedlings from seeds deposited in bird faeces grew faster and appeared first, but the most important result was that none of the seeds from intact rowan fruits germinated. This may explain why so few rowan seedlings were seen under mature rowan trees. Most of the seeds deposited under fruiting rowan trees are not deposited in bird faeces but simply fall to the ground, still encapsulated in intact fruits. This reduces the probability that they will germinate (Paulsen and Högstedt 2002) . In our studies there were numerous year-old rowan seedlings in gaps, and their density was even higher than under spruce canopy. In gaps, however, they do not survive the first year as there were only a few older seedlings. Under spruce canopy, year-old seedlings were less densely distributed but their survivorship was higher, as there were numerous older seedlings ( _ Zywiec 2004 ). Browsing pressure from red deer (Cervus elaphus) is the fourth possible reason for poor rowan regeneration in gaps, as young rowan sprouts are readily eaten by these animals (Kirby and May 1989; Linder et al. 1997; Senn et al. 2002; Motta 2003) , although browsing pressure should be even lower in gaps than under spruce canopy, because the many logs lying on the ground restrict the animals' mobility.
It can be concluded that the dynamics of subalpine spruce stands play a crucial role in the spatial and temporal patterns of rowan regeneration. It is clear from our data that almost no young rowans appeared after gaps in the tree stands opened, but they regenerated abundantly under spruce canopy close to gaps with fruiting rowans. Apparently, the older the edge of a stand bordering a gap, the denser the seedling and sapling bank in its understory. In turn, the faster a gap expands, the less likely it is that rowans will be growing densely at its margin. In the extreme situation of a large-scale disturbance that devastates trees over large areas, rowan thickets are extremely unlikely to develop. In subalpine spruce forests, rowan thickets can develop mainly in extensive but slowly expanding gaps. In consequence, the density of rowan trees is greater in parts of the forest where the decline of the spruce stand has been a prolonged and temporally continuous process.
